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AND THEGENETICSTRUCTUREOF
MICROEVOLUTION
PARASITEPOPULATIONS
Steven A. Nadler
60115-2861
DeKalb,Illinois
Departmentof BiologicalSciences, NorthernIllinoisUniversity,
The development of polymerasechain reaction-basedmethods for assessing the genotypes of small individual
organisms will promote groundbreakinginvestigationsof the genetic architectureof parasite populations. Both quantitative
genetic models and generalknowledgeof parasitenaturalhistoryare usefulfor makinggeneralpredictionsabout the distribution
of genetic variationover geographicspace. However, designingexperimentalstudiesto assess relationshipsbetweenspecificlife
history variablesand patternsof genetic structurein naturalpopulationswill be challenging.Traditionalbiochemical-genetic
methods have alreadybeen used to study a limited numberof parasitepopulations,and inferredpatternsof genetic structure
are distinctlydifferentbetweencertainspecies. Some of these differencesin geneticarchitecturemay be explainedby parasiteor
host factorsthat eitherpromoteor retardthe disseminationof life cycle stagesover geographicspace.Manyadditionalempirical
studies are needed to characterizebasic featuresof parasitepopulations,includingthe spatial distributionand group size of
random mating populationsand levels of gene flow among parasitesubpopulations.

ABSTRACT:

Since the publication of On the Origin of Species (Darwin,
1859), the principal focus of studies in microevolution has been
selection, although Darwin was aware that accident and interbreeding can oppose natural selection. Classical studies in ecological genetics, sensu Ford (1964), have documented and quantified the effects of natural selection on conspicuous phenotypic
variation within populations. Subsequent studies of natural selection in wild populations of plants and animals (Endler, 1986)
have proved invaluable for documenting additional examples
and providing empirical evidence for theoretical predictions.
Current studies in ecological genetics have, by necessity, become
considerably more inclusive. This is because a thorough understanding of microevolution will occur only by considering,
in an historical context, the effects of stochastic events, gene
flow, natural selection, mutation, and mating systems on the
metapopulation (the spatially separate, temporally extant, "interconnected" subpopulations of a species). Much of the theoretical groundwork for metapopulation studies was published
prior to the advent of molecular genetic methods by the famous
quantitative evolutionary geneticist Sewall Wright. It may be
surprising to many parasitologists that Wright was a Master's
student of Henry Baldwin Ward and published the first of his
211 scientific papers (Wright, 1912), on the morphology of the
trematode Microphallus opacus! Wright's subsequent pioneering quantitative and theoretical studies in microevolution emphasized the importance of unpredictable changes in allelic frequencies due to stochastic events in finite populations (genetic
drift), and modification of allele frequencies in populations due
to the movement of gametes or individuals (gene flow). Wright's
theoretical results have now received substantial empirical support from population-level studies of many free-living organisms. However, independent of any empirical corroboration,
theoretical population genetic models are useful because of their
predictive value regarding specific features of microevolution,
such as the potentially complex interactions among demography, gene flow, genetic drift, natural selection, and other processes that influence genetic evolution.
Genetically based variation among individual parasites is a
prerequisite for characterizing the genetic structure of their popReceived 21 November 1994; revised 2 February1995; accepted 2
February1995.

ulations. Using molecular methods to assess the genotypes of
individual parasites, although relatively labor intensive, is generally more straightforward than using the resulting data to infer
microevolutionary pattern and process. Although significant
progress has been made in developing the theory and practice
of inferring microevolutionary patterns, e.g., intraspecific phylogeography (Avise et al., 1987), indirect quantification of gene
flow (Wright, 1951; Slatkin, 1985, 1987; Weir, 1990), and coalescent theory (Hudson, 1990; Hudson et al., 1992), each of
these inference methods is based on implicit or explicit assumptions that constitute the underlying models (Felsenstein,
1982). Interpretation of evolutionary process from the inferred
pattern(s) adds another level of complexity because individual
microevolutionary patterns may be compatible with multiple,
nonexclusive processes. It must also be recognized that historical
studies of micro- and macroevolutionary patterns are fundamentally different from investigations of processes that can be
subjected to experimental manipulation. Finally, although historical studies may benefit from the sampling of additional genetic loci, nucleotide sites, or taxa, potentially intricate historical
patterns may not be resolved in certain cases. Despite these
limitations, microevolutionary studies have the potential to reveal basic information that is currently lacking on the population
genetic structure of different parasite species, including parameters such as the average amount of gene flow among parasite
"populations" contained within different individual hosts (each
an infrapopulation, sensu Margolis et al. [1982]), and among
metapopulations. Such studies are essential to understanding
the probability for the dissemination of novel antihelminthic
resistance mutations over geographic space and time.
Designing testable hypotheses concerning the relationship between genetic structure and specific ecological variables of parasites is likely to remain challenging. For free-living organisms,
correlations between ecological variables and genetic structure
often explain less than 50% of the overall variance (Avise, 1994).
Obviously, the ecological genetics of parasites will be complicated not only by parasite-specific characteristics but also through
their associations with hosts. For example, for most multicellular parasites, infrapopulations of definitive hosts are formed
by recruitment (immigration) from the metapopulation and not
as a result of natality within (or on) the host. Thus, both the
vagility of the host and factors limiting infrapopulation density,
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for example, concomitant immunity, may serve to shape the
genetic structure of recruited populations.
Although the paucity of available studies makes it premature
to develop general conclusions about the genetic structure of
parasite populations, it is likely that new technologies will soon
promote groundbreaking research in this area. On the other
hand, it is not premature to consider the types of questions that
might be addressed in parasite population genetics. For example, what types of predictions about the genetic structure of
parasite populations might result from examination of the basic
features of microevolutionary theory? Given both specific evidence and untested doctrines on the population biology of parasites, what features of parasite natural history are likely to
impact on their genetic structure? And finally, which, if any, of
these predictions receives empirical support? These questions
will be considered herein with a focus on multicellular parasites
of animals.

GENETICDRIFT,GENEFLOW,AND
MICROEVOLUTION
Genetic drift is an important parameter influencing microevolution in populations of small size (Fisher, 1930; Wright,
1931). Wright demonstrated that it is the number of individuals
contributing genes to the next generation (Ne, or effective population size) and not the population census size that determines
the relative amount of genetic drift in a deme (Wright, 1931).
The smaller the N,, the greater the likelihood that the allelic
frequencies and genetic variability characteristic of a particular
population will not be transmitted to the next generation. With
small N,, the heterozygosity of the population will be reduced
due to an inbreeding effect, and random changes in allele frequencies will occur as a result of sampling variance (genetic
drift). Under certain conditions, inbreeding and genetic drift
may respond differentially to small N,, which caused Kimura
and Crow (1963) to distinguish between the inbreeding effective
number and the variance effective number, respectively. For the
variance effective number, it is the number of offspring that is
critical to estimating sample variance or random genetic drift.
For the inbreeding effective number it is the quantity of reproducing individuals in the parental generation that determines
the likelihood of identity by descent (autozygosity) for alleles at
a locus. In many instances, these different approaches to calculating effective number will yield similar results; however,
this illustrates just one of many potential difficulties of estimating the effective size, which is particularly complex for species with highly subdivided populations (Chesser et al., 1993).
In addition, models for estimating Ne are not designed to incorporate the complications introduced by organisms with elaborate life cycles, for example, the clonal (agametic) reproductive
strategies of larval digeneans (Esch and Fernandez, 1993).
One estimator of effective population size that employs several simplifying assumptions (Wright, 1931, 1938) can be calculated from the formula Ne = 4NmNf/Nm + Nr where Nm and
N, are the number of males and females, respectively, that serve
as parents in a particular generation. This formula is based, in
part, on assumptions of random mating and the possibility of
self-fertilization. The calculated N, applies to a single generation; however, if Ne is variable over time, generations with
smaller N, will have the greatest influence on the average N,

over many generations. This is reflected by the observation that
multiple-generation Ne ("long-term" Ne) can be estimated by
calculating the harmonic mean of N, for individual generations
(Crow and Kimura, 1970). Effective population size will also
be reduced substantially in comparison to the total number of
breeding adults by a skewed sex ratio because with biparental
reproduction, half of the alleles in offspring must come from
each sex. For example, a parasite infrapopulation consisting of
1 male and 12 reproducing females (a possibility for certain
nematodes) has an N, of only 3.7 by Wright's (1931) formula.
Structured populations with an Ne of approximately 200 are
likely to experience moderate amounts of genetic differentiation
due to drift, whereas demes > 1,000 will be only marginally
affected, assuming average rates of mutation (Wright, 1978;
Falconer, 198 1). Microevolution in populations of Ne < 10 will
be characterized by nonadaptive differentiation because stochastic changes will overcome natural selection, regardless of
intensity (Wright, 1978; Shields, 1993). Mean individual heterozygosity will also decrease at a relatively rapid rate when N,
< 1,000 because average per generation mutation rates per locus
are insufficient to replace variation lost by random genetic drift.
Low long-term N, or extreme population size bottlenecks may
account for abnormally low levels of heterozygosity in certain
helminth populations (Bullini et al., 1986; Nadler, 1990; Esch
and Fernandez, 1993). However, both the nature of recruitment
of individuals comprising infrapopulations within definitive hosts
and the potential longevity of certain other parasite infrapopulations within the environment, e.g., long-lived eggs or larvae
within paratenic hosts, may complicate the interpretation of
infrapopulation Ne on metapopulation genetic diversity. Wright
(1940) noted that in species where local populations are subject
to frequent extinction with repopulation from a few immigrants,
N, will be drastically reduced despite the large number of individuals that may comprise the suprapopulation. Maruyama
and Kimura (1980) developed a model for estimating N, based
on estimates of the subpopulation extinction rate, migration rate
between subpopulations, and mutation rate to neutral alleles.
Although such estimates are not currently available for parasites, theoretical models (Maruyama and Kimura, 1980) have
shown that if the rate of subpopulation extinction is much higher
than the migration rate of individuals between subpopulations,
the N, of the suprapopulation (sensu Margolis et al., 1982) will
be markedly reduced and genetic divergence of subpopulations
is prevented.
To illustrate the possible impact of genetic drift on microevolution within a small deme of diploid parasites it is instructive to consider the probability of fixation (frequency of 1.0) for
an allele, and the average time required to fixation for those
alleles that are eventually fixed. The following examples are
included to show that a simple deterministic model of allele
frequency change, in which the allele of greatest fitness eventually replaces others, is not an appropriate model of microevolution for small natural populations of parasitic organisms.
The variables related to estimating the probability of fixation
for a particular allele include the Ne of the deme, the frequency
of the allele, and whether the allele is selectively neutral, advantageous, or deleterious. Because of the influence of genetic
drift at all loci irrespective of the relative fitness of alternative
alleles, fixation of an allele is a probabilistic process (Kimura,
1962). For example, under an additive model of selection (het-
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erozygote with mean fitness of the 2 homozygous genotypes),
the probability of fixation (P) for an advantageous allele introduced by mutation is, P = 1 - e-2NsP/l - e-2Ns, where s is the
selection coefficient and p is the frequency of the advantageous
allele (Hedrick, 1983). For a neutral allele, the probability of
fixation is a function of its frequency; thus, for a neutral mutation, P = 1/2N. In a population where N = Ne = 500, the
respective probabilities of fixation for an allele that is slightly
advantageous (s = 0.01), markedly advantageous (s = 0.10), or
neutral, are P z 0.009, 0.095, and 0.001, respectively. For a
population where N = Ne = 50, the respective probabilities of
fixation for the same selection values are P 0 0.016, 0.095, and
0.010. In both populations, there is a high probability ( 90%)
that a markedly advantageous allele introduced by mutation as
a single copy will be lost by random genetic drift. Note also that
the neutral and nearly neutral mutations have significantly greater probabilities of fixation in the smaller population (10-fold
greater for the neutral mutation) due to genetic drift. Although
counterintuitive, a slightly deleterious mutation also has a slight
chance of being fixed in small natural populations. Most alleles
introduced by mutation have a high probability of loss within
large populations, and stochastic effects are responsible for the
higher likelihood of fixation within very small populations.
The interaction of natural selection with random genetic drift
in the microevolution of small populations can be illustrated
by the average time required to reach fixation (t) for an allele
destined to reach a frequency of 1. For a selectively neutral allele
introduced by mutation, the average conditional fixation time
(t) = 4N generations (Kimura and Ohta, 1969). For a parasite
population with N - Ne = 1,000 and a generation time of 90
days, a neutral mutation will require approximately 1,000 yr
for fixation; however, when N = 50, t : 50 yr. Time to fixation
for a selectively advantageous allele is expressed by the formula
t = (2/s)ln(2N) generations (Maruyama and Kimura, 1974).
Considering an advantageous mutation (s = 0. 1) that is destined
to reach fixation (about 9.5% of such mutations when Ne = 50),
t ; 37 yr for N = 1,000, and t = 23 yr for N = 50. This difference
in the rate of fixation between selectively neutral versus nonneutral mutations demonstrates that selection can be particularly effective in rapidly changing the genetic composition of
populations of small Ne. The results of this example are also
consistent with expectations of neutral-mutation theory (Kimura, 1983), because it reveals that neutral mutations tend to
have longer "transit" times within natural populations.
How will the genetic structure and evolution of parasite populations be shaped by the movement of parasite gametes, individuals, or groups of individuals among demes? Different perspectives concerning the evolutionary process have yielded contrasting viewpoints about the role of gene flow in evolution. The
traditional viewpoint is that gene flow represents a constraining
evolutionary force that, if sufficiently high, prevents marked
genetic differentiation among subpopulations. From this same
perspective, absence of gene flow is a prerequisite for classical
allopatric speciation. In contrast, Wright (1932, 1982) and other
population geneticists have developed models that show that
gene flow may serve as a creative force in the evolution of
populations. This viewpoint has been adopted by Mayr (1954)
in developing the peripatric model of speciation. A key question
is how much gene flow is necessary to prevent the genetic differentiation of subpopulations? The answer depends on the na-

ture of the variation under consideration. With selective neutrality, much less gene flow is required to prevent substantial
genetic differentiation than for cases where one allele is of selective advantage in one subpopulation and a different allele is
favored in another subpopulation.
The amount of gene flow among subpopulations in combination with other population parameters determines if evolution
proceeds independently in different demes. In general, with very
high levels of gene flow among demes, different subpopulations
will evolve as a single evolutionary unit; with low levels of gene
flow among demes, different subpopulations may evolve independently. Theoretical models are informative concerning how
loci with neutral versus non-neutral variation respond to differing levels of gene flow. Wright's island model of population
structure, in which each subpopulation has a fraction m of its
residents replaced with individuals selected at random from the
other subpopulations or islands, is instructive for the behavior
of neutral or nearly neutral loci. If the quantity Nm (where N
= the effective population size) is > 1, gene flow will overcome
random genetic drift and prevent local differentiation at equilibrium. In many cases only a small amount of gene flow per
generation, for example the successful reproduction of a single
immigrant, is required to prevent genetic differentiation between 2 subpopulations. Conversely, if Nm < 1, genetic drift
will act independently in the subpopulations to determine the
allelic frequencies for "nearly neutral" loci (Slatkin, 1987). The
amount of time required to reach genetic equilibrium for the
subpopulations is dependent on the effective population size
and the immigration rate (Takahata, 1983) and may be a large
number of generations. This situation is predictably different in
cases where Ne is moderate to large and the locus includes alleles
that are strongly affected by selection (Haldane, 1930; Nagylaki,
1975). Even in the presence of relatively high levels of gene flow
introducing a less favorable allele into a subpopulation, natural
selection will tend to maintain a high frequency of the advantageous allele. Unlike the case for neutral loci, genetic equilibrium will tend to be established quickly under most rates of
immigration, the amount of time depending on the relative
fitness of the 2 alleles. Thus, moderate-to-high levels of gene
flow may be relatively unimportant in preventing local differentiation when there is strong differential selection in different
subpopulations.
Sewall Wright was instrumental in modeling how gene flow
may serve as a creative, rather than a constraining force in the
evolution of small populations, and his shifting-balance (Wright,
1932) and interdemic selection (Wright, 1956) models of microevolution both have relevance to certain parasitic organisms.
In both cases, microevolutionary change is facilitated by small
effective population size and genetic drift. In the shifting-balance
model, the relative fitness of subpopulations may be visualized
in terms of a 3-dimensional landscape. A local population may
ascend the available adaptive surface and achieve a local optimal fitness, but remain isolated (by valleys of lower fitness)
from adjacent peaks representing combinations of genes of greater
relative fitness. With small N, and low migration rates, random
genetic drift may overcome selection and fix genes or groups of
genes that constitute a peak of greater fitness, and gene flow
could then spread this more fit genotype. The conditions that
are conducive for this scenario are also likely to cause deme
extinction in demographically stable species prior to gene flow
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and spreadof the more fit genotype. However, for certainparasites and other species possessinga "weedy"populationstructure, colonization of new resourcepatches (hosts) is in itself a
type of gene flow (Slatkin, 1987) that may counterbalancethe
local extirpationoften associated with the demographicinstability of metapopulations.Gene flow via local population extinction and recolonizationof new hosts can be more effective
in spreadingnew parasite genotypes than gene flow between
resident metapopulations(Slatkin, 1987). Interdemic (group)
selection should favor the evolution of traits that enhancedispersal ability, which for parasitesis likely to include the utilization of paratenic(transfer)hosts, vagile intermediatehosts,
or vectors for transmission.
GENEFLOWAND
CHARACTERIZING
GENETICSTRUCTURE
Many recent studies have focused on the genetic variability
of parasites,e.g., protein polymorphismand mean individual
heterozygosity,in relation to naturalselection from the panselectionist viewpoint, or to facets of populationstructurefrom a
neutralist viewpoint (for review, see Nadler, 1990; Esch and
Fernfindez,1993). Some of these studies have includeddata on
allelic frequenciesfromsamplesrepresentingdifferentgeographic localities;however,observedfrequencydifferencesalone cannot be used to characterizeamounts of gene flow among populations directly.Instead,indirectmethods of estimatinglevels
of gene flow from patternsof allelic frequencydistributionsare
needed to distinguish among differencesresulting from gene
flow, genetic drift, and natural selection. At least 3 different
general approacheshave been used to estimate levels of gene
flow from either allozyme allelic frequencyor nucleotide sequence data. Traditionally,F-statistics as developed by Wright
(1951) or modified by others (Weir and Cockerham,1984) are
used to quantifyinbreedingdue to populationsubdivision(Fsr),
and this measure is applied to a model for estimating the parametersNm, where m is the proportionof alleles of migrant
origin in a deme and N is the local population size. Other approachesfor estimatingNm include methods based on the distributionof rare or unique alleles among subpopulations(Slatkin, 1985;Bartonand Slatkin,1986), or in the case ofnucleotide
sequence data, the nodes and branchlengths of a gene tree for
a nonrecombiningDNA region (Slatkinand Maddison, 1989;
Hudson et al., 1992).
In additionto theirapplicationforestimatinggeneflow,F-statistics can be used to quantifylevels of inbreedingwith respect
to differentreferencepopulations(Wright,1922, 1965). Wright
developed a numerical method to analyze systems of mating
(ancestor-offspringrelationshipsin pedigrees),suchthat a single
numericalquantity(F) is sufficientto summarizethe correlation
of genetic state at a locus. F representsthe correlationbetween
unitinggametessuch that underrandommatingF= 0, and with
sustained inbreedingbeyond that expected given the effective
population size, F will be a positive number ?1. One effect of
inbreeding is to reduce the individual heterozygositywithin
populations. The inbreedingcoefficient(Fs) describes the reduction in heterozygosityof an individual within its subpopulation comparedto that expected in a randomlymating population with the same allelic frequencies.Inbreedingcoefficients
are calculated by determiningthe genotypes of individual or-

ganisms representinga population sample, and comparingthe
proportion of heterozygous genotypes observed (H) to those
expected in a randomly mating population (Ho, or 2pq in the
Hardy-Weinberg formula), where F = (Ho - H)/Ho. The in-

breedingcoefficientmay be interpretedas the probabilitythat
2 alleles in a diploid individual are autozygousor identical by
descent, that is, share common ancestryvia replicationfrom a
single ancestralallele. Note that 2 alleles possessed by an individual can be identical in nucleotide sequence yet different
with respectto replicationor immediate common ancestry(the
allozygous condition). The concept of inbreedingmay be extended beyond a single subpopulationto estimate the probability of identity by descent for alleles selectedat randomfrom
a sample representingmore than 1 subpopulation.Subdivided
populations may be characterizedby nonrandommating, and
this type of inbreedingcan be quantifiedat 2 additionallevels,
the subpopulationrelativeto the total population(Fsr), and the
individual with respect to the total population (F,,T). Fs mea-

sures the reductionin heterozygosityof a subpopulationdue to
random genetic drift; the overall inbreeding coefficient (F,,T)
reflectsthe reductionin heterozygositydue to nonrandommating within subpopulations(F1s) plus that due to populationsubdivision (Fsr). The interrelationshipamong these 3 inbreeding
coefficients is (1 - F,,) = (1 - Fs)(1 - Fsr). Calculations of

F-statistics from allelic frequencydata should be correctedfor
biases that may be introducedby samplingfew individualsper
subpopulation(Van Den Bussche et al., 1986), which is likely
to be the case in many studies of naturalparasiteinfrapopulations. The variancesof F-statistics across loci (Nei and Chakravarti, 1977; Weir and Cockerham, 1984) are frequentlysignificantand commonly unreported,therefore;small differences
between mean F-statistics in empiricalstudies should be interpreted cautiously.
F-statistics calculatedfrom genetic data are frequentlyused
to estimate levels of gene flow among demes indirectly. Estimates of host gene flow, although of interest for comparative
purposes, are unlikely to be informative about the range of
possible gene flow levels for their parasites,with the possible
exception of parasitesthat are either exclusively sexuallytransmitted or contact-transmittedat the time of host reproduction.
Obviously, traditionaldirectestimates of gene flow, e.g., markrecapturemethods, are not appropriatefor adult parasitesthat
do not disperse to new hosts. By contrast,the direct approach
of trackingthe movement of unique genetic markershas been
used to studygene flow over geographicspacein ecologicaltime
(Handel, 1982),and this could be appliedto parasiticorganisms.
However, one disadvantageof all direct approachesis the limited timescale of study because evolutionarily important yet
sporadicincreasesin gene flow are likely to be missed by direct
measurements.For parasites,episodes of high gene flow may
be triggeredby certain rare abiotic or biotic factors, including
the establishment of novel parasite populations through the
introductionof new definitive hosts to an ecosystem (Kennedy
and Burrough,1977; Kennedy, 1987)
Indirectestimatesof geneflowareusuallybasedon the current
geographicdistributionof allele frequencies.The advantageof
indirect measurementsis that they provide informationon the
averageamount of gene flow over long spans of time (Slatkin,
1987). However, indirectmeasuresdepend, in part, on explicit
assumptionsof a specifiedmodel of inferenceto estimate how
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I. Examplesof ecological and naturalhistory factorsthat may relates isolation-by-distance to time since colonization and does
TABLE
influence the population genetic structureof animal parasites.These not depend on the restrictive assumption of genetic equilibrium.
predictions are of heuristic value, but may be confounded in certain
taxa due to the influencesof other interrelatedvariables.
Factorsincreasing
genetic structure
Sedentarydefinitive host or extreme morbidityof all infected
hosts
Life cycle includes a largenumber of specificobligatehosts
Suitableparasiteniches patchily
distributedin space or time
Small effective size for parasite
population
Parasitepredominantlyself-fertilizing
Physical contact between definitive hosts requiredfor transmission

Factorsreducing
genetic structure
Highly vagile hosts (definitive,
intermediate,paratenic)or vectors
Persistent(long-lived)life cycle
stagesin environmentor definitive host
Low definitive host specificity/
many reservoirhosts
Underdisperseddistributionof
parasitesamong hosts
Life history with frequentmetapopulationextinction followed
by reestablishment

much gene flow must have occurred to explain the observed
geographic pattern of allele frequencies. For example, with respect to migration, Wright's island model for estimating gene
flow assumes that all subpopulations are equally accessible to
each other. For natural populations, this is equivalent to the
assumption of extremely high dispersal ability for migrants. By
contrast, a "stepping-stone" model of population structure (Slatkin and Barton, 1989) restricts migration to neighboring subpopulations and considers the geographic distance between subpopulations.
One assumption of all indirect methods is that the subpopulations have reached genetic equilibrium. Theoretical studies
demonstrate that the time required for the fixation index (FsT)
to reach equilibrium can be very long in populations of large
size. Given an island model, Fsr will reach an equilibrium depending on either effective population size or 1/m (where m =
migration rate to subpopulations), depending on the time scale
that is smaller (Takahata, 1983; Crow and Aoki, 1984). In systems with a relatively high migration rate, e.g., m > 0.01, Fs,
will approach equilibrium in less than 100 generations. For
stepping-stone models of gene flow, which would seem to be
more appropriate for some parasitic organisms, time to equilibrium for Fsr is even greater than for island models (Slatkin,
1993). However, patterns of Fsr prior to the establishment of
genetic equilibrium can also be informative, particularly for
organisms such as parasites in which rapid colonization of previously uninfected hosts is followed by gene flow between adjacent infrapopulations or metapopulations (Slatkin, 1993). By
focusing on pairwise comparisons of such subpopulations to
estimate Nm from FsT, a parameter denoted M may be calculated (Slatkin, 1991, 1993). This parameter is dependent on the
geographic distance between pairs of locations in both 1- and
2-dimensional stepping-stone models of gene flow. Slatkin (1993)
found that the isolation-by-distance pattern spreads over time
such that there is a relationship between M and geographic
distance only for a discrete geographic range, the size of which
is dependent upon time since colonization. Thus, this model

INSIGHTSANDEMPIRICAL
BIOLOGICAL
EVIDENCE
From the preceding discussion it should be clear that the
models underlying methods of inference in population genetics
entail certain assumptions that may compromise the interpretation of data. However, the major current limitation for understanding helminth population genetic structure is the lack of
available data. No doubt, this is primarily the result of technical
limitations associated with obtaining biochemical-genetic data
from small individual organisms. Approaches using the polymerase chain reaction (PCR) or other sensitive molecular methods (reviewed in Hillis and Moritz, 1990; Avise, 1994; Grant,
1994) offer new possibilities for studying numerous genetic loci
from individual parasites at the DNA-level; however, these approaches have yet to be utilized fully.
Many basic population parameters remain to be defined for
parasite species. For example, what group of individuals represents the deme or random mating population, and how does
the corresponding neighborhood area and size differ among taxa?
Although the infrapopulation represents the immediate group
of interbreeding individuals, the genetic composition of this
group may change by recruitment during the life span of the
host. In addition, it seems likely that for certain parasites, individual hosts will differ dramatically in their histories of recruitment, and this may produce a chaotic pattern of parasite
genetic structure among hosts. For parasites with geographically
wide-ranging hosts, infrapopulations may be less inbred than if
mating occurred at random among parasites within the metapopulation. By contrast, for a parasite species that may continually complete its life cycle within (or on) a single individual
host, infrapopulations should primarily represent descendants
of the colonizers, and such populations are likely to be highly
inbred. For certain other heteroxenous species such as human
schistosomes, premunition may have a similar effect, that is,
restriction of the genetic composition of the deme to the colonizers.
The genetic structure of parasite populations will be shaped
strongly by ecological factors of individual species, including
their demography, life cycle, mechanisms of dispersal, and host
specificity (Table I). Characteristics of species such as the mating
system and population-level attributes such as the effective size
will affect certain aspects of demes, including the likelihood of
random genetic drift. For example, self-fertilization is a form
of restricted genetic recombination that may result in local genetic differentiation in certain cestode species (Lymbery and
Thompson, 1988). Likewise, haplodiploid reproduction among
pinworms in combination with other life history features of the
Oxyurida may promote extensive inbreeding within hosts (Adamson, 1989). Perhaps more often than for free-living organisms, parasite species may experience considerable variation in
the parameters influencing genetic structure due to variation in
ecological factors among different definitive host species (in generalist parasites) or due to differences among parasite communities. Thus, special caution is advisable for studies of parasites
because no single investigation is likely to be representative of
conditions for populations of the entire species.
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Price (1980) argued that from the parasite's "point of view,"
resources, i.e., parasite-host niche overlap, will have a patchy
distribution in both space and time, and that host-parasite systems will experience considerable disruption due to their complexity, low probability of colonization, and high probability of
extinction. Increased complexity of biotic associations, for example the number of obligate hosts in the life cycle of a parasite,
should increase resource patchiness (Price, 1980). This is supported by theoretical models in which increasing the complexity
of parasite systems decreases their stability (May, 1973). Price
(1980) also characterized the "within-patch" population dynamics of parasites as a nonequilibrium system. This viewpoint
is also consistent with limited evidence suggesting that numerous density-independent factors may regulate the infrapopulation size of certain species (Esch and Fernandez, 1993). Many
other factors may also contribute to resource patchiness, for
example variation in genetic predisposition to infection among
individual hosts, which can influence patterns of parasite aggregation (Schad and Anderson, 1985).
Although different levels of resource patchiness should have
predictable effects on the genetic structure of parasite populations, assessing individual ecological factors promoting patchiness is likely to be difficult due to the large number of interactions in host-parasite systems and potential correlations among
life history traits of parasites. In addition, although the demographic structure of parasites as assessed by censusing adult
infrapopulations in definitive hosts may be unstable (Price, 1980;
Esch and Fernandez, 1993), the gene pool of parasite metapopulations may have greater stability for cases in which species
produce large numbers of life cycle stages that persist in the
environment for periods that exceed several parasite generations. This situation is analogous to the influence of seed dormancy and the seed pool on the evolution of plant populations.
For many parasite species, colonization of uninfected definitive
hosts is not analogous to a simple island model, with dispersal
from adjacent colonized hosts. Clearly, long-lived life cycle stages
are not produced by all helminths, and such differences may
prove useful for predicting variation in population genetic architecture. For example, experimental human infections with
Ascaris lumbricoides have demonstrated that ascaridoid eggs
may remain infective for 10 yr or more in soil (Brudastov et
al., 1971); in contrast, Enterobius spp. infecting humans are
characterized by eggs that remain viable for approximately 1
wk. Thus, the life history pattern of human pinworms is more
likely to promote genetic structuring among populations.
Given the range of ecological diversity that is characteristic
of parasites, a broad spectrum of genetic architectures is likely
to be revealed as more empirical studies are undertaken. Published studies have already revealed variation in genetic structure among different species and, as in free-living organisms
(Avise, 1994), species with life histories conducive to the geographic movement of individuals or dissemination of life cycle
stages tend to show less population structure than those with
lower vagility. For example, Paggi et al. (1991) and Nascetti et
al. (1993) have used multilocus protein-electrophoretic data to
show that species of ascaridoid nematodes using seal definitive
hosts (and fish/invertebrate intermediate and paratenic hosts)
have low amounts of genetic structuring across broad geographic
ranges of the Arctic-Atlantic Boreal region. Geographic population samples of the species referred to as Contracaecum os-

culatum "A" (7 localities) and C. osculatum "B" (19 localities)
had average FS, values of 0.042 and 0.046, respectively, over
distances spanning more than 5,000 km (Nascetti et al., 1993).
Likewise, 3 species in the Pseudoterranova decipiens complex
(referred to as "A, B, and C" by the authors), which tend to
share the same definitive hosts as the C. osculatum species,
showed average FST values of 0.059, 0.055, and 0.021, respectively, for the cryptic species "A," "B," and "C" (Paggi et al.,
1991). These studies are particularly noteworthy in that species
in these 2 complexes are known to have the same general life
cycle patterns, and would seem to share many of the same
intermediate, paratenic, and definitive hosts. The distribution
of 94-98% of the total estimated gene diversity within all geographic localities is consistent with the hypothesis of Nascetti
et al. (1993) that migration of the definitive hosts (seals) in
combination with the transport of larvae in fish and invertebrates (intermediate/paratenic hosts) serve as highly effective
mechanisms of gene flow over large geographic distances. Interestingly, studies of population structure in marine fishes also
show high gene flow, with more than 98% of the total gene
diversity found within all localities (Gyllensten, 1985).
Several other studies have suggested a relationship between
high parasite dispersion or host vagility and low genetic structure
for parasite populations. McManus (1985) reported on a helminth system that would appear to have the potential for high
gene flow among localities. Ligula intestinalis, a pseudophyllidean from fish-eating birds, has an extremely wide intermediate
host range (>20 cyprinid fish species may host plerocercoids).
This life history would appear to be conducive to high gene flow
due to properties intrinsic to both hosts and parasite. First, as
a consequence of their high vagility, birds are characterized by
the lowest levels of average population structure among vertebrates (Ward et al., 1992); this host property should serve to
disperse parasite eggs effectively. Second, this parasite can use
many different fish intermediate hosts, which means that many
aquatic communities should be effective sources of infection.
Although only 1 polymorphic enzyme locus was assessed among
population samples of plerocercoids obtained from fish, samples
(with n > 15) from 4 geographic localities in southern England
showed very similar frequencies for the 2 alleles at the
phosphoglucomutase-2 locus, suggesting that avian definitive
hosts may be responsible for high levels of gene flow via egg
dispersal among localities. Similarly, the potential role of low
host specificity and high host mobility for reducing genetic structure was shown by Hilburn and Sattler (1986a) in an electrophoretic study of the lone star tick, Amblyomma americanum.
Analysis of 9 geographic population samples distributed across
the widespread range of this species yielded an average F,,T value
of 0.037, and no evidence for an isolation-by-distance effect.
Because life cycle stages of this 3-host tick are relatively sedentary off the host, Hilburn and Sattler (1986a, 1986b) inferred
that the observed lack of genetic structure must result from host
mobility. Amblyomma americanum fits several of the general
predictions for reduced genetic structure in Table I, including
high vagility hosts (including deer and cattle), low host specificity, and the potential for a long life span for individual parasites.
Most recently, studies of mitochondrial-DNA (mtDNA) phylogeography in Ostertagia ostertagi (Blouin et al., 1992; Dame
et al., 1993) have revealed very high genetic diversity within
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geographic populations, but extremely low differentiation among
localities. Using an estimate of mitochondrial genetic diversity
that is analogous to Fsr, Bouin et al. (1992) reported that, on
average, less than 1% of the total gene diversity was partitioned
between geographic populations. For 0. ostertagi, gene flow
among localities appears to be high, and may be mediated by
the transport of cattle throughout the U.S.A. Interestingly, despite this lack of observed differentiation in mtDNA (and with
the inference of high levels of gene flow), genetically based geographic differences in the timing of developmental arrest (hypobiosis) have been demonstrated for temperate and subtropical
populations of 0. ostertagi (Smeal and Donald, 1981; Frank et
al., 1986, 1988). Thus, Blouin et al. (1992) have hypothesized
that the variation in timing of hypobiosis between the northern
and southern U.S. populations may be maintained by strong
selection in the presence of high gene flow, and that high intrapopulation diversity is a product of the large effective size of
the populations (4-8 million individuals per geographic population based on the observed diversity of mtDNA).
Only a few published studies are available to demonstrate the
potential effects of natural history traits that are expected to
increase the genetic structure of parasite populations. Among
studied parasites, pocket gopher chewing lice have shown levels
of population genetic subdivision that are among the highest
reported over limited geographic scales for any animal. For
example, the mean Fsr value for microgeographic (within-locality) differentiation of Geomydoecus actuosi infrapopulations
(5 independent comparisons) was 0.092, and ranged from 0.039
to 0.162 (Nadler et al., 1990). Macrogeographic differentiation
of these infrapopulations over the 200-km range of the study
area revealed an average Fsr of 0.24, which was virtually identical to that inferred for their hosts in a previous study (Hafner
et al., 1983). The natural history of the pocket gopher-chewing
louse assemblage would seem to include many factors promoting
population subdivision. For example, the lice are autoxenous
and exclusively contact-transmitted, pocket gophers are fossorial and actively avoid intraspecific contact, and louse populations appear to suffer seasonal bottlenecks in size that should
reduce Ne (Nadler et al., 1990). Thus, gene flow among louse
infrapopulations is dependent upon interhost contact, which in
pocket gophers is primarily limited to mating encounters and
the rearing of young. This unusual linkage between pocket gopher reproduction and louse transfer means that host gene flow
is likely to represent the upper boundary for louse gene flow in
this assemblage.
Recent research on Ascaris suum (Nadler et al., 1995), using
protein electrophoretic and RAPD PCR-based markers, has also
revealed significant patterns of genetic structure, with reported
values of average Fsr for infrapopulations and localities indicative of moderate genetic differentiation. For example, values
of Fsr among 7 infrapopulations were approximately 0.09 as
inferred from both isoenzyme and RAPD markers. When infrapopulations from each collecting site were pooled, Fsr values
averaged 0.078 (isoenzyme) and 0.062 (RAPD) for the 5 upper
midwestern localities. Even infrapopulations representing different farms from a single geographic region showed moderate
genetic differentiation, with isoenzyme and RAPD-based Fsr
estimates of 0.080 and 0.093, respectively. Ascaris suum populations appear to be characterized by much more subdivision
than described for O. ostertagi by Blouin et al. (1992), even

though both nematodes are parasites of livestock and are subjected to frequent transport. However, one potentially important
difference between these species is that although susceptible
cattle may each host 10,000-100,000 0. ostertagi (Armour et
al., 1979; Williams et al., 1983), pigs infected with A. suum
harbor much smaller infrapopulations. This difference in the
size of breeding populations may cause genetic drift within geographic localities ofA. suum, effectively promoting independent
differentiation of populations.
Potential complicating effects of parasite genetic structure such
as asexual amplification within intermediate hosts (digeneans),
overdispersion, and considerations of geographical scale have
rarely been investigated. One exception involves the studies of
Lydeard et al. (1989) and Mulvey et al. (1991) on the genetic
structure of liver flukes (Fascioloides magna) parasitizing whitetailed deer. Populations of F. magna representing Savannah
River Site hunt units showed low average differentiation (Fsr
= 0.016), and patterns of genetic distance between populations
of flukes were not related to patterns of host differentiation or
to the geographic distance between hunt units. In contrast, populations ofF. magna collected from different states (South Carolina and Tennessee) showed markedly greater levels of differentiation (mean Fsr = 0.176) and an isolation-by-distance effect
(Mulvey et al., 1991). As is characteristic of many host-parasite
systems, the distribution of F. magna among deer hosts was
highly aggregated, and this appeared to influence the genetic
structure of fluke populations. Asexual reproduction of F. magna in snail intermediate hosts results in localized distributions
of metacercariae of the same clone, and this clumping of identical metacercarie increases the likelihood that deer will be infected with adults representing 1 clone. In their study, Mulvey
et al. (1991) found that deer tend to be infected with flukes of
the same multilocus genotype, and simulation studies suggested
that approximately one-half of the mean Fsr values may be
explained by this nonrandom distribution of fluke genotypes
among deer hosts.

FINALCOMMENTS
The development of PCR-based DNA markers has provided
new opportunities for assessing the genotypes of small individual parasites and investigating population genetic structure.
Published studies employing traditional biochemical genetic
markers on relatively large individual parasites have revealed
marked differences in population genetic structure among certain taxa, and some of these differences may be attributed to
parasite or host factors that influence the geographic movement
of individuals or dissemination of life cycle stages in the environment. Designing testable hypotheses to assess the relationships between life history variables of parasites and patterns of
genetic structure is likely to be challenging. Due to the potentially confounding effects caused by host parameters, studies of
genetic structure in parasites may benefit from a comparative
approach in which several species of parasites that co-occur in
populations of a single host species are investigated simultaneously. Investigating the genetic structure of the host populations may also prove beneficial, although few host-parasite systems are likely to be characterized by absolute linkage between
host and parasite gene flow. Finally, a phylogenetic perspective
may offer the greatest opportunity for investigating the contri-
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butions of different parasite life history features to the genetic
structure of their populations. For example, sister-taxa of parasites that coexist in the same host species and differ in one or
few life history features would appear to represent the ideal case
for assessing the influence of parasite attributes on population
genetic structure.
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